Abstract Supersonic model combustors using two-stage injections of supercritical kerosene were experimentally investigated in both Mach 2.5 and 3.0 model combustors with stagnation temperatures of approximately 1,750 K. Supercritical kerosene of approximately 760 K was prepared and injected in the overall equivalence ratio range of 0.5-1.46. Two pairs of integrated injector/flameholder cavity modules in tandem were used to facilitate fuel-air mixing and stable combustion. For single-stage fuel injection at an upstream location, it was found that the boundary layer separation could propagate into the isolator with increasing fuel equivalence ratio due to excessive local heat release, which in turns changed the entry airflow conditions. Moving the fuel injection to a further downstream location could alleviate the problem, while it would result in a decrease in combustion efficiency due to shorter fuel residence time. With two-stage fuel injections the overall combustor performance was shown to be improved and kerosene injections at fuel rich conditions could be reached without the upstream propagation of the boundary layer separation into the isolator. Furthermore, effects of the entry Mach number and pilot hydrogen on combustion performance were also studied.
Introduction
In hydrocarbon-fueled scramjet operations, the onboard fuel will also be used as a coolant and its temperature and state will vary in different flight stages. When both fuel temperature and pressure are higher than the thermodynamic critical point, the fuel becomes supercritical, and supercritical fuel exhibits liquid-like density and gas-like diffusivity [1] . During injection the supercritical fuel can be directly transformed to the gaseous state without atomization and vaporization processes. Our previous experimental investigation [2] demonstrated that the use of supercritical kerosene injection has the potential of enhancing fuel-air mixing and promoting overall burning intensity. In comparison with liquid fuel injections at similar fuel flow rates, experimental results [2, 3] in a Mach 2.5 model combustor showed that the static pressure rise in the combustor with supercritical fuel injection increased by 10-15% at equivalence ratios below 0.5. However, the advantage of supercritical fuel injection has not been fully exploited with the single-stage injection. Especially, further increase in the fuel flow rate and the pressure rise with single-stage injection was limited by the upstream propagation of boundary layer separation due to excessive heat release [4] .
In order to suppress the upstream propagation of the boundary layer separation at higher fuel equivalence ratios, either a longer isolator or a further downstream injection location could be used. A longer isolator may cause an increase in drag and engine weight, while moving the injection location to further downstream may cause a decrease in combustion efficiency and lower pressure rise due to the shorter residence time for reactions. The concept of staged fuel injection [5] [6] [7] [8] utilizes dispersed heat release to avoid locally excessive pressure rise occurring in the case of single-stage fuel injection at high equivalence ratios. As such, better pressure distributions and higher thrust can be attained in a staged supersonic combustor [5] [6] [7] [8] . In a practical scramjet operation, it is also advantageous to use proper fuel distributions to adjust the fuel delivery in accord with different flight conditions and achieve an optimum engine performance.
It is worth noting that the advantage of using staged fuel injections is not limited to the suppression of boundary layer separation only. The combustion of an upstream-injected fuel can provide an environment of large radical pool and high turbulent intensity for the downstream-injected fuel, thereby improving fuel/air mixing and enhancing burning efficiency. To further explore the potential of using a staged supersonic combustor combined with supercritical fuel injection, a series of experiments were conducted to characterize the combustion of supercritical kerosene injected at two different stages in both Mach 2.5 and 3.0 model combustors. Kerosene was injected through two pairs of integrated injector/flameholder cavity modules installed in tandem along the flow path. The effects of fuel injection location, combustor entry Mach number, and pilot hydrogen on the combustor performance were investigated and discussed in this experimental study.
Experimental specifications

Test facility
The experiments were conducted in a direct-connect wind tunnel facility, which consisted of a vitiated air supply system, a multi-purpose supersonic model combustor, and a kerosene delivery and heating system. The facility operation, control, and data acquisition were accomplished with a computer. The vitiated air heater, burning with H 2 , O 2 and N 2 , was used to supply heated airflow with a stagnation temperature of T 0 = 1,750 ± 70 K. Different convergent-divergent nozzles were used to accelerate the flow to Mach 2.5 or 3.0. For comparison, the static pressure at the combustor entrance was kept almost identical for the two Mach numbers. As such, the corresponding stagnation pressures were set to P 0 = 1.12 ± 0.02 and 2.44 ± 0.06 MPa for the Mach 2.5 and 3.0 flows, respectively. The stagnation pressure and temperature of the vitiated air were measured using a CYB-10S pressure transducer and a Type-B thermocouple, respectively.
The model combustor is shown in Fig. 1 . It had a total length of 1,105.5 mm and consisted of one nearly constant area section of 115 mm and three divergent sections of 370 mm, 293.5 and 327 mm with the expansion angles of 1 • , 3 • and 4 • , respectively. The entry cross section of the combustor was 70 mm in height and 51 mm in width. In Fig. 1 , the "0" indicated at the beginning of the constant area section represents the origin for all the static pressure distributions to be presented and discussed later.
Two pairs of integrated fuel injector/flameholder cavity modules in tandem were installed on both sides of the combustor, each cavity with a depth of 12 mm, a 45 • aft ramp angle, and an overall length-to-depth ratio of 7.3. There were four rows of wall injectors for kerosene injection, designated as Stages A-D in Fig. 1 , corresponding to streamwise locations of 395, 573, 635 and 693 mm, respectively. Each row of injectors consisted of nine orifices of 1.0 mm in diameter evenly spaced in the spanwise direction and orientated normal to the wall surface. A small amount of pilot hydrogen was used to facilitate the self-ignition of kerosene in the supersonic combustor. There were five orifices of 1.0 mm in diameter available for the pilot hydrogen injection. Room temperature pilot hydrogen was injected normally to the airflow just upstream of the first pair of cavities, specifically at the streamwise location of 314 mm. The typical equivalence ratio of pilot hydrogen used in this study was 0.09. Distribution of the static pressure in the axial direction was determined using Motorola MPX2200 pressure transducers installed along the centerline of the model combustor 
